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One reason for considering nickel for the heat block-shield is the possibility of obtaining a more efficient thennoelectric material than the present state-of-the-art PbTe material. However, the higher efficiencies will require a higher hot junction temperature (1300 to 1350°F rather than 1000°F) which leads to heat block-shield temperatures above the crystalline transformation temperature of iron. Unlike the iron, nickel does not undergo a crystalline transformation and furthermore nickel has a much higher thermal conductivity than iron in the temperature range of interest (almost a factor of two) thus, the block and fuel element temperatures will be less for nickel than for iron.
One disadvantage of the higher temperature thermoelectric materials is that the margin between the normal operating temperatures of the fuel element and the maximum safe operating temperature is reduced. The safety concept under study for all of the systems is to use an insulation around the heat block-shield that will melt and allow the heat to radiate to the vessel wall in the event that the outer shield temperature gets too high. For the Rankine cycle and low temperature thermoelectric systems, plans are to use an aluminum screen insulation with a melting point of about 1200°F. However, with the high temperature thermoelectric materials the insulation temperature will be too high for the aluminum screen and an alternate material or type of insulation will be required. This problem will be discussed later.
With the exception of the high temperature thermoelectric system, the required thermal rating to obtain the specified electrical output is about 50 kw, or 5^ kw at the beginning-of-life. For the higher efficiency thermoelectric materials either the electrical output can be increased or the thermal rating decreased. The analysis which follows will be limited to the reference 5.^0 in. diameter fuel bodies. For the SrTiOg fuel both 6
and 7 elements will be considered while only 6 elements will be considered for the SrFg fuel.
The reference fuel material for all of the systems is SrTiOa. However, the design of the heat block-shield must be such that it can also be used with SrFg should this material become available at costs considerably less than those for SrliOg. This requirement was a factor in the selection of a fueled region consisting of seven elements located on a triangular pitch ( The top end cap is 1.060 in. thick and is threaded to facilitate the assembly in a hot cell. After assembly the top cap is sealed by a gas-tungstenarc weld. Figure 1 shows the heat block-shield concept used for all of the systems. The 6-element configuration would be the same as Fig. 1 except that the central fuel element woiild be omitted.
SHIELDING ANALYSIS
The gamma emission rates (photons/w-sec) and the calculation procedures used are the same as those of ref.
1. The dose rate at the side of the shield depends almost entirely on the dose from a single outer element.
For shield thicknesses and fuel element spacings of interest, the radial distance between an outer element and the shield surface is several inches less than the distance from any other element and the same point on the siirface. Thus the results shown in Fig. 2 for the dose rate at the side of the shield as a function of thickness are valid for different ligament spacings and for the case of either 6 or 7 fuel elements.
The end shield thickness will depend on the number of elements. For 7 elements the maximum surface dose will be at the centerline of the block or the central element, and there will be significant contribution from the outer 6 elements. For only 6 elements the maximum dose will be at the centerline of one of the outer elements and only the two adjacent elements will add a significant amount of radiation. For equal shield thicknesses the maximian dose rate at the ends for 6 elements will be about 2/3 of that for 7 elements. The results shown in Fig. 3 are for the seven element case All of the results are for SrTi03. For identical designs, the shielding requirements for SrFa will be greater than that for SrTi03 because of its greater power density and also because of its larger gamma emission rate. Although no data were found for the production of bremsstrahlung photons for SrF2, the rates should be between those reported for SrO and 
THERMAL ANALYSIS
The thermal analysis of the heat block-shield was separated into three parts: radiation and conduction in the inner fueled region, conduction through the shield, and radiation and convection from the outer shield surface.
Inner Fueled Region
The thermal analysis of the inner fueled region was made using a two- A 50° section of a 7 element fuel block is shown in Fig. 6 , and a typical temperature distribution through the region is given in Table 1 .
In this case the block material is iron, the fuel is SrTiOg, the fuel diameter is 5.^0 in. and the ligament thickness is 1.0 in. The temperatures shown in Table 1 are based on an assumed temperature of 1000°F at the outer diameter of the fueled region, which is defined as the distance"across the three holes in the heat block-shield plus the ligament thicknesses.
The results of the thermal analysis for the fuel region are given in Tables 2 and 5 The temperature distribution at the OD of the fueled region is assumed to be 1000°F.
Corresponds to numbers shown on temperatures shown, they may be used for other reference temperatures varying by 100 to 200°F with only a small error. Table 2 is for the iron heat block-shield and Table 5 is for nickel.
The reference temperature range of 1000 to 1700°F covers the temperatures expected at this point for both normal and accident conditions for the systems under consideration. For the organic system this temperature will be about 1000°F while for the steam or PbTe thermoelectric systems the temperature will be about 1100°F. For accident conditions with these systems the reference temperature is expected to be about ll+OO to 1500°F.
For the thermoelectric system using the higher temperature materials, the reference temperatures for normal operation will be about ll+00°F, and, for accident conditions, about 1700 to 1850°F.
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Shield Region
The temperature gradient through the outer (unfueled) region of the shield and the temperature drop between the outer shield and its surroundings are not independent, as the temperature gradient in the shield depends on the outer boundary conditions and thus on the manner in which the heat source is being used. The largest temperature difference to be expected would be for the case in which the heat flow is restricted to radial flow over the fueled length. The temperature difference across the side shield using only the fueled length is shown in Fig. 7 for both the iron and nickel, for 1.0 and 1.5 in. ligament spacings, and for mean temperatures of 1000 and 1500°F.
These temperature differences will always be too large for the applications and types of operation expected in the present design. For all cases in which the heat is conducted through the shield, the length over which the heat is removed from the outer part of the shield will be greater than the fuel length. For example, with the 5-^0 in. fuel pellets, a surface dose rate of 200 mr/hr and for accident conditions in which the heat is being transferred from a 1+ ft axial length of the shield surface, the temperature drop across the shield will be about 10^ less than that shown in Fig. 7- For the case in which the entire shield surface is losing heat, as during shipping, the effective temperature drop across the shield will be about 25^ less than that shown in Fig. 7 . 
Outer Shield Siirface
The temperature of the outer surface of the shield is dependent on the manner in which the heat is being removed and thus on the specific type of operation. During normal operation the heat is removed from within the shield and the outer surface temperature is of interest only to determine the heat lost through the insulation. However, during shipping and during accident conditions all of the heat generated within the fuel must be trans ferred from the shield surface.
The surface heat flux from the various sizes considered is shown in Table 4 assuming that different parts of the surface are transferring heat.
The surface areas considered are: the shield OD over the total length, the fuel length and a 4 ft length, and for the total surface area. The reason for including the 4 ft length case is that the side insulation that serves as a safety device, which will melt d\rring accident conditions, is expected to be about 4 ft long.
The heat is transferred from the siirface of the shield by thermal radiation and convection. The shield surface will have axial fins along the full length, which are 2 l/2 in. high by l/2 in. thick located on 2 l/2 in.
centers. Figure 8 shows the heat flux from the side surface of the shield as a function of surface temperatxire for conditions typical of shipping and handling. This curve is based on the assumption that the unit is exposed to air and surroundings at 120°F. The emissivity of the surface is assumed to be 1.0. By treating the surface an emissivity of about 0.9 can be obtained, and, when applied to a finned sixrface, the additional effect of the fins will give an emissivity very close to 1.0. Figures 9 and 10 show the heat transferred from the shield surface to a second surface having a variable emissivity and temperatures of 1200 and 1650°F. These curves are applicable to the accident condition and will be discussed later For the curves of Figs. 8 through 10 the area used for radiation was based on the OD of the shield rather than the OD of the fins. This difference amounts to 10 to 15^, and more than compensates for the effect of fin efficiency, which was taken as 1.0. It should be emphasized at this point that, becuase of high-cladding temperatures during accident conditions, the iron unit is not satisfactory for the high-temperature thermoelectric system, and, furthermore, the nickel unit will be restricted to the use of only six SrTiOs fuel elements or a total beginning-of-life thermal output of 29.14 kw. In order to obtain 34 kw the length of the fuel elements and the nickel block would have to be Increased by 6.4 in. The unit length would be 6.39 in. and its weight about 16,300 lb. SrFa cannot be used with the high-temperature thermoelectrics unless the number of elements or their size is reduced.
Data for some typical thermoelectric imits are summarized in Table 5 . During shipping, handling, and storage, the heat block-shield will be exposed to normal ambient air conditions and heat will be lost by radiation and convection. With the reference design iron unit exposed to 120°F surroundings, the maximum surface temperature of the shield will be about 480°F, The temperature drop through the shield at the midplane will be about 140 °F giving a maximimi temperature of 620 °F at the OD of the fueled region. Referring to the data in Table 2 , it can be seen that the maximum temperature of the block will be hotter by 250°F and, for the fuel cladding, an additional 400°F. Thus, the maximum internal iron temperatiire will be about 870°F and the maximum cladding temperature about 1020°F.
For the nickel unit the surface heat flux is slightly higher than for the iron, and the surface temperature will be about 500°F. The temperature drop across the shield will be about 115°F. The maximum temperature difference from the OD of fuel region to the center of the block is 220°F
and to the cladding 370°F. Thus, the maximum temperature of the nickel is about 835°F and for the cladding is about 985°F during shipping.
The temperatures to be expected for the various parts of the heat block-shield during normal operation depend on the type of power conversion system used and the operating conditions assumed for the system. In the studies currently underway, the approximate temperature at the OD of the fueled region will be 960"F for the organic Rankine cycle, 1100°F for the steam Rankine cycle and the PbTe thermoelectric units, and 1400°F for the high-temperature thermoelectric system. Using these reference temperatures, the data of Tables 2 and 3 , and the 7 element SrTlOs fuel arrangement, the temperat^ure of the various regions of the heat blockshield are as given in Table 6 . from the block to the power conversion system is lost. In order to cope with this type of incident and also meet the design precepts that the cladding not exceed 2000°F and that the emergency heat-removal system must function satisfactory with the unit in any attitude, including on its side or inverted, a U-ft long section of metal screen type insulation is used between the heat block-shield and the pressure vessel. In the event of an accident or system failure that prevents the normal removal of heat from the heat block, the temperature of the block will increase until its surface temperature is high enough to reject the heat to the insulation. The insulation temperature increases until it starts melting at which point it will provide a constant temperature heat sink. The melting will continue until enough insulation has been removed so that the heat loss through the insulation to the pressure vessel is equal to the heat generated in the block. For shield surface temperatures of 1000 to 1100°F, an aluminum screen will be used, A test program is presently underway to determine not only the safety aspects of the screen but also its thermal conductivity.
For the high-temperature thermoelectric unit the shield surface temperature is well above the 1200°F melting point of aluminum and an alternate material or type of Insulation is required. In the following analysis it will be assumed that a material with a melting point of 1650°F is used. Figure 11 shows the iron heat block-shield surface temperature for the loss-of-coolant accident as a function of the shield and screen emissivity with a screen temperature of 1200°F, As all heat transfer is by radiation, the effective surface diameter of the block was taken as the diameter of the fin tips and the effective length was 4 ft. The heat flux, 2740 Btu/hr-ft^, was based on the beginning-of-life heat rate of 34 kw.
The effective emissivity of the block surface, considering the effects of fin efficiency, will be about 0,9, The emissivity or absorptivity of the screen before melting occurs will be about 0,9, Thus, the surface temperature of the heat block-shield will be about 1300°F when the aluminum screen starts to melt.
The largest uncertainty with this safety provision is the behavior of the molten aluminim during melting. The screen, before melting occurs, has a void volume of about 85^.
As melting proceeds it is probable that some of the porosity effects will be lost and that the emissivity of the melting surface will decrease. If one assumes that the emissivity drops to a rather pessimistic value of 0.25, the surface temperature of the block would be about 1480°F. Table 7 lists temperatures throvigh the heat block-shield for a block surface emissivity of 0.9 and for several values of emissivity of the screen.
For a nickel heat block-shield the surface heat flux will be about 8^ higher than for iron, and, when used with an aluminum screen, the surface temperature will be 5 to 10°F higher. However, because of the higher thermal conductivity of the nickel, the maximim block, cladding and fuel temperatures will be well below those shown in Table 7 . •^f^ heat flux is reduced from 296O to 25UO Btu/hr-ft^. Table 8 lists temperatures throughout the heat block-shield for a block surface emissivity of 0.9 and for several values of emissivity of the screen. The cladding temperature for the 7-element design is too high and the 6-element design should be considered marginal until sufficient experimental data are available to confirm the analysis used in arriving at these temperatures and to determine the melting characteristics of the screen. An iron heat blockshield is unsatisfactory for both of these cases. There are several design alternatives for the high-temperature thermoelectric system if one requires a minimim electrical output of 2 kw. Assuming an efficiency of 10^ for the high-temperatin-e system, the required beginning-of-life thermal output is only 21.7 kw. One can obtain an output of 24.3 kw with 5 elements each 3.4 in. in diameter by 38.4 in, long, or with 6 elements with the diameter reduced to 3.1 in. Either of these changes will reduce the cladding temperatixre shown in Table 1 for the 6-element case by about 50°F and still give about 2.15 kw(e),
ECONOMIC AND MATERIAL CONSIDERATIONS
The iron or low carbon steel heat block-shield has two advantages over nickel, the primary advantage being its lower cost and secondly its easier machinability. The difference in cost of the heat block-shield for the two materials will be about $35,000. Part of this cost advantage will be offset by an Increase in the size and cost of the pressure vessel for the system. The diameter of the pressure vessel will probably be determined by the heat block-shield diameter. For the systems under study the use of a nickel heat block will reduce the diameter of the pressure vessel by about <Q$ and its weight by 12 to 15^. Figure 13 shows the reduction In the cost of the pressure vessel for pressiires of 6000, 12,000 and 20,000 ft for vessel fabrication costs of 5 and $10 per lb for both a typical organic Rankine system and a thermoelectric system. The cost of the vessel will depend not only on its weight but also its thickness and amount of welding required, and will probably be in the range of 5 to 10 $/lb. Both the organic Rankine and thermoelectric systems will have vessels about 4 ft in diameter, but the organic system will reqirire a much longer vessel to house the boiler drum, rotating equipment, regenerator and condenser.
The principal advantages of nickel are its higher density that leads to a smaller and lighter shield and overall system, its much higher thermal conductivity in the temperature range of interest, the absence of any crystallographlc changes with temperature and its better oxidation and corrosion resistance. In comparison to the iron, the nickel will have a 3.1 in. smaller diameter, a 1.7 in. shorter length and be lighter by 2500 lb. The total weight savings for the complete system will depend on which of the systems is used and the depth for which the units are designed.
The thermal conductivity of nickel is about twice that of iron at 1500°F and the ratio increases with increasing temperature. The higher thermal conductivity of the nickel is necessary for the higher temperature systems in which the normal operating temperature of the block is ll+OCF and the outer surface may reach 1700°F during accident conditions. For these operating conditions iron cannot be used because of excessive fuel cladding temperature.
One property of iron which may present a serious problem is its transformation from a body-centered cubic to a face-centered cubic lattice at For the lower temperature systems (Rankine cycles and PbTe thermoelectric) the maximum block temperature will be about 1350''F during normal operation. By keeping the carbon content below 0.1 wt io one should not have any difficulty with the y (austenite) phase. However, during accident conditions mos1^ and por^dbly all, of the block will be above 13^0°F (see Table 6 ). The most probable temperature range will be from about 1300°F at the outer surface to 1750°F in the center with the 13^0°F point occurring in the outer shield region. By keeping the carbon content low, the transformation can be made to occur gradually through the block. For example, assuming a carbon content of 0.06 wt %, the transformation to the y phase starts at 13U0°F with all of the material transformed at about l625°F. This temperature change, and therefore the properties change, will occur across a radial distance of 10 or 12 in. and alleviate this factor.
It Is interesting to note that one would not want to use pure iron for this application. Although the transformation temperature is increased to l670''F and well above the temperatures for normal operation, during accident condition the transformation will occur in the web area and not be spread across the block.
SUMMARY AND CONCLUSIONS
The physical properties of nickel are much superior to those of iron or steel for use as the heat block-shield material. It has a much higher thermal conductivity, better shielding properties (higher density), does not undergo the crystalline transformation characteristic of iron or steel and will give a smaller and lighter system. Its primary disadvantage is that the heat block-shield unit will cost about $35,000 more than the iron or steel. However, this cost will be partially offset by a reduction in the size and cost of the system pressure vessel. The pressure vessel savings will depend on the type of system and the operating depth and will vary from negligible to as much as 20,000 to $25,000 for depths approaching 20,000 ft. Alsq with present fuel cost, the incremental $355000 for the nickel amounts to only 3'?^ of the total system cost.
If the final requirements for the heat block-shield are such that one unit must serve all systems including the high temperature thermoelectric system, then nickel must be used. The thermal conductivity of iron or steel is too low for this application.
The electrical power output presently specified for the various systems are: 5.0 kw for the organic Rankine cycle, 3 kw for the steam Rankine cycle and 2 kw for the Pb-Te thermoelectric system. The required thermal output for all of these systems is 3^ kw at the beginning-of-life for a 5-yr life. If the 3^ kw is specified for the high temperature thermoelectric system, the nickel heat block-shield will have a diameter (over the fin tips) of 37-^ in. and a length of 63.9 in. This unit will be longer and heavier than necessary for the other systems. If, however, one assumes that the specified electrical output is the prime consideration, then the heat block-shield will have the same diameter as before but a length of 57.5 in. The thermal output will be 3^ kw for all systems except the high temperature thermoelectric unit. In this case the central fuel element would be omitted and the thermal output reduced to 29.1^ kw. The end-oflife electrical output would be 2.5 kw.
The above power outputs and shield sizes are for SrllOg fuel. If SrFg is used in place of BrTiOg, the central fuel element would be omitted for the low temperature systems but the higher power density of the SrFg would compensate for this and the thermal power would still be 5^ kw. The overall dimensions of the block would again be 57.^ in. in diameter by 57.5 in. long. The location of the fuel holes would be slightly different than the outer six positions for the SrTlOa fuel. With the high temperature system either the size or number of SrFg elements must be changed.
The simplest alternative is to reduce the number of elements to either k or 5. Five elements will give an electrical output of about 2.5 kw and h elements about 2.0 kw. The 5-element case will have cladding temperatures during accident conditions similar to those for the 6 element SrTiOa case shown in Table 7 -The primary concern with using SrFg with the hightemperature systems is its central temperature. Because of the lack of high temperature thermal conductivity data the central fuel temperatures are only estimates. However, they do indicate that the temperature will be near or above the melting point of the material. Actually, one would expect sintering to occur which would increase the density of the material which would in turn increase its thermal conductivity and also produce a void in the center of the fuel body. Both of these effects would reduce the central temperature. Also, it is probable that the fuel can be operated with a small central area molten. Uranium dioxide fuel elements have been operated in this manner in reactors without damage to the elements.
If center melting is not acceptable, a smaller fuel element diameter would be required. A design using 6 outer elements with the fuel diameter reduced from 3.^0 in. to 2.77 in. would still give 2 kw(e) with the high temperature system and should have an acceptable central temperature.
More high temperature thermal conductivity data are needed for this material.
3^4
The problem of central melting of the SrFg brings out another advantage of the nickel. Even with the low temperature system and the six 5.^0 in. fuel diameter, the SrFg central temperatures will be in the range of the melting point with an iron or steel heat block-shield. With nickel the temperature will be about 200°F less and should be below the melting point.
In conclusion, nickel is a superior material and is required for the high temperature thermoelectric system. When used with any of the systems and the SrTiOa fuel, the incremental cost will be about 5^. The most promising area in which to reduce overall system cost is the fuel and the use of SrFg in place of SrTiOg. In this case the use of nickel will permit the use of larger diameter fuel bodies and a more compact heat blockshield which may more than compensate for its increased cost. Although iron appears to be an acceptable material for the low temperature material, there is some concern about its properties during accident conditions in which the outer part of the shield is in the ferrite phase and the center in the austenite phase with the transition occurring over a radial distance of 10 to 12 in. 
